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Abstract
Sequences of a highly variable nuclear gene (G3pdh) were used to characterize genetic
diversity within and among populations of the endangered rockhouse endemic, Minuartia
cumberlandensis (Wofford and Kral) McNeill (Caryophyllaceae), and compared to a
widespread and abundant related species, M. glabra (Michaux) McNeill.  By
reconstructing phylogenetic relationships among G3pdh variants (haplotypes) and
observing the geographical distribution of those ordered variants, an attempt was made to
gauge the effects of historical and contemporary population processes acting within the
species, particularly those with potential implications for long-term conservation.  Both
M. cumberlandensis and M. glabra were found to have high overall genetic (haplotype)
diversity.  In M. cumberlandensis, most of this variation was distributed among
populations rather than within them (FST = 0.63), while in M. glabra the inverse was true,
with variation largely within populations (FST = 0.22).  This pattern suggests significant
divergence among populations of M. cumberlandensis, likely caused by a reduced
influence of gene flow relative to genetic drift.  Observed heterozygosity in populations
of M. cumberlandensis was significantly reduced relative to M. glabra, suggesting the
effects of inbreeding within small populations.  Minuartia. cumberlandensis maintains
broad genetic polymorphism among populations, with genetic similarities between many
populations likely resulting from persistent ancestral alleles rather than ongoing gene
flow.  Lineages of haplotypes with significantly restricted geographical ranges provide
further evidence for restricted gene flow among populations of M. cumberlandensis.  The
bulk of genetic diversity in M. cumberlandensis is maintained within the largest, densest
vcluster of populations, which occurs primarily in Pickett County, with outlying
populations having relatively low, though still significant, portions of the overall
diversity in the species.  Because of the small overall number of outlying populations,
and the unique genetic makeup of each, all occurrences should be given the strongest
possible protection from further human habitat disturbance. It is likely that M.
cumberlandensis has persisted in its current location through cyclical changes in climate
during the Pleistocene, and if protected from habitat destruction and population
decimation, it may fare well in the face of future climate change.
vi
Table of Contents
Chapter Page
I.  Introduction .....................................................................................................................1
Rockshelter endemism.............................................................................................1
Minuartia cumberlandensis .....................................................................................2
Conservation genetics ..............................................................................................7
Phylogeography .......................................................................................................8
G3pdh.......................................................................................................................9
Objectives ..............................................................................................................10
II.  Materials and Methods .................................................................................................11
Plant materials........................................................................................................11
Molecular methods.................................................................................................11
Data analysis ..........................................................................................................13
III.  Results.........................................................................................................................16
Diversity of G3pdh ................................................................................................16
Population genetic structure...................................................................................17
Genealogy of G3pdh haplotypes............................................................................17
IV.  Discussion...................................................................................................................19
Haplotype diversity and heterozygosity.................................................................19
Nucleotide diversity ...............................................................................................21
Population genetic structure, gene flow, and genetic drift.....................................23
Relationships among populations ..........................................................................24
Genealogy of M. cumberlandensis and M. glabra haplotypes ..............................29
Geographical distribution of haplotypes and clades ..............................................34
Conclusions and implications for conservation .....................................................37
Literature Cited ..................................................................................................................39
Appendices.........................................................................................................................45
Appendix A:  Tables ..........................................................................................................46
Appendix B:  Figures .........................................................................................................50
Vita.....................................................................................................................................73
vii
List of Tables
1.  Populations sampled and counties of occurrence ..................................................47
2.  Summary of population variation for M. cumberlandensis and M. glabra ...........48
3.  Analyses of molecular variance (AMOVA) ..........................................................49
viii
List of Figures
1.  Range of M. cumberlandensis in Tennessee and Kentucky ..................................51
2.  Sampled populations of M. cumberlandensis ........................................................52
3.  Southern ranges of species in the M. groenlandica complex ................................53
4.  Sequenced region of glyceraldehyde 3-phosphate dehydrogenase (G3pdh) .........54
5.  Matrix of polymorphic sites...................................................................................55
6.  Number of haplotypes per population....................................................................56
7.  Haplotype diversity and observed heterozygosity within populations ..................57
8.  Nucleotide diversity within populations ................................................................58
9.  Possible relationships of geographic and genetic distance between populations ..59
10.  Population pairwise FST vs. geographic distance for M. cumberlandensis ............60
11.  Bootstrap parsimony tree .......................................................................................61
12.  Maximum likelihood tree.......................................................................................62
13.  G3pdh haplotype networks ....................................................................................63
14.  Population composition charts for M. cumberlandensis........................................64
15.  Population composition charts for M. glabra ........................................................67
16.  Distribution of M. cumberlandensis G3pdh haplotypes in the XYZ clade............68
17.  Distribution of M. cumberlandensis G3pdh haplotypes in the QRS clade ............69
18.  Distribution of M. cumberlandensis G3pdh haplotypes in the UT clade ..............70
19.  Distribution of M. cumberlandensis G3pdh haplotypes in the GN clade ..............71
20.  Distribution of M. cumberlandensis G3pdh haplotypes in the two major subclades
of the network ........................................................................................................72
1Chapter I
Introduction
Rockshelter endemism.  The northern portion of the Cumberland Plateau of Tennessee
and Kentucky in eastern North America is composed of massive deposits of
Pennsylvanian sediment, forming a highly heterogeneous assemblage of horizontally
layered sandstones, shales, and conglomerates (Wilson and Stearns 1958).  The Big
South Fork of the Cumberland River and its tributaries define a region of highly complex
topography, formed by the sharp incision and downcutting of the river system through
strata of highly variable composition and durability.  This complex topography creates a
mosaic of contrasting physical environments, with dry forested uplands, xeric bluffs and
cliffs, mesic slopes and ravines, and moist bottomlands.
In the gorges and steep-walled valleys of this region, differential weathering of exposed
vertical outcrops forms rockshelters, or cave-like recesses beneath large sandstone
overhangs (Donahue and Adovasio 1990).  These abundant formations create an unusual
set of environmental conditions, and provide an ecological niche that supports a unique
endemic flora (reviewed in Walck et al. 1996).
Light intensity within rockshelters is generally low, and other factors such as
temperature, humidity, soil moisture, and substrate type can vary depending on parent
material, aspect, elevation, and surrounding vegetation.  The highest diversity of endemic
taxa is found in larger shelters (rockhouses) in close proximity to running water, with
2substrates of perpetually moist sand.  Temperatures within large rockshelters are
moderated by the surrounding rock, remaining relatively cool in summer and warm in
winter compared to surrounding forests.  Walck et al. (1996) documented a large number
of vascular plant taxa residing within shelters, including 11 species occurring exclusively
behind the dripline of sandstone rockshelters.
Minuartia cumberlandensis.  An intriguing element of the endemic rockshelter flora is
the Cumberland stitchwort, Minuartia cumberlandensis (Wofford and Kral) McNeill
(Caryophyllaceae).  Described by Wofford and Kral (1979) as Arenaria cumberlandensis,
but later transferred to Minuartia by McNeill (1983), this small, leafy herb is unusual
among members of its genus in dwelling in perpetual shade underneath rock overhangs,
whereas all other species of Minuartia in the eastern United States characteristically
inhabit fully exposed sites such as rock outcrops, barrens, and high-elevation balds
(Maguire 1951; Weaver 1970; McCormick et al. 1971; Wofford and Kral 1979).  In
addition to its unusual ecological niche, the extremely small range of M. cumberlandensis
distinguishes it from many members of its genus.
The phylogenetic context and origins of M. cumberlandensis are largely matters of
conjecture, but similarities of morphology and cytology (n=10) place the rockshelter
endemic in the M. groenlandica complex (Fig. 3; All figures and tables are located in the
appendices) (Wofford and Kral 1979; Wofford 1981; also see Fernald 1919).   This
complex consists of M. groenlandica (Retz.) Ostenf., an arctic/alpine perennial ranging
primarily from Greenland and eastern Canada into the alpine areas of New England with
3putative relict populations at high elevations in the southern Appalachians, and M. glabra
(Michaux) Mattfeld, an annual of dry sandstone or granite outcrops at low elevations in
the southeastern United States (Baskin and Baskin 1982).  The range of M.
cumberlandensis is entirely disjunct from any extant populations of M. groenlandica, but
overlaps the range of M. glabra on the Cumberland Plateau (Fig. 3).  Minuartia glabra is
similar to M. cumberlandensis in its island-like distributional pattern on the northern
Cumberland Plateau, but is more widespread, more frequent, and generally occurs in
larger populations.
Wofford and Smith (1980), in assessing the conservation status of M. cumberlandensis,
observed several scattered populations, many concentrated within Pickett State Park,
Tennessee, and concluded that its highly restricted distribution, narrow habitat
requirements, and potential for human disturbance warranted special protection under the
Endangered Species Act (1973).  The species was added to the Federal list of endangered
species in 1988 (U. S. Fish and Wildlife Service 1988; listed as Arenaria
cumberlandensis), and ultimately a Recovery Plan was drafted (U.S. Fish and Wildlife
Service 1996), outlining the steps necessary to ensure the continued stability of these
populations (although no current deterioration was evident).  Characterization of overall
genetic variation and structuring among populations of M. cumberlandensis was
identified as a useful component of a long-term conservation strategy for the species, and
is a major goal of the current study.
4Populations of M. cumberlandensis occur as discrete associations of plants restricted to
single shelter caves, each consisting of dozens to thousands of perennial individuals.
Populations are sporadically distributed throughout the species’ range, and may occur in
locally dense clusters or in relative isolation from one another (personal observation).
Clusters of populations are frequently arranged in linear fashion, following suitable
habitat occurring along the bases of extensive bluffs.  In steeper gorges, step-like terraces
of massive sandstone may support populations (or clusters of populations) with extensive
vertical dimension.  All known populations of the species occur within five contiguous
counties, and are contained within an area less than 45 kilometers in diameter, although
most occurrences are clustered within 10 kilometers of one another in the vicinity of
Pickett State Park, Tennessee (Figs. 1, 2).
The major ecological constraints upon the distribution of M. cumberlandensis appear to
be abundant soil moisture, high humidity, cool temperatures, and deep shade (which
certainly limits the number of species capable of competing for space and resources
within rockshelters) (Wofford and Smith 1980).  Many areas within the overall range of
the species, while having plentiful rockshelters with apparently suitable growing
conditions, are conspicuously lacking in M. cumberlandensis populations (personal
observation).  This absence may be due to unknown ecological constraints, historical
factors (such as widespread extinction of populations through human disturbance),
limited seed dispersal into these areas, or some combination of those factors.  Ecological
processes, particularly mechanisms of seed and pollen dispersal among sites, are little
studied in this species, but are of critical importance in understanding its current range,
5population structure, and genetic diversity.  Extant patterns of genetic diversity in M.
cumberlandensis, however, undoubtedly hold the telltale signature of the past activities of
pollen and seed movement, and may prove informative in assessing the ecological
significance of these processes.
In shelters where the plants occur, mild conditions allow the distinctive leafy rosettes to
thrive throughout the winter months and send up abundant, leafy flowering stems in
spring and summer.  Peak flowering occurs from May until July, though flowering plants
were observed as late as November in 2002 and 2003, suggesting some degree of
flexibility with regard to flowering schedule.  This flowering period is entirely distinct
from that of the spring-flowering winter annual M. glabra, the only other species of
Minuartia occurring in this area, which makes pollen flow between the two species
highly unlikely (Wofford and Kral 1979).
The small white flowers of M. cumberlandensis appear well suited to a strategy of
generalist insect pollination (as in related species; Levesque and Burger 1982), however
no pollination activity was observed during the course of extensive field surveys.
Various aspects of floral morphology and development (slight protandry and anthers
distant from mature stigmas) suggest predominant outcrossing, though pollination
biology studies need to be done to determine what degree of selfing actually occurs.
Field observations during the course of this study indicate that copious viable seed was
produced every year, and young seedlings occurred frequently in most populations.
6Dispersal of the abundant tiny seeds appears to occur primarily through simple dropping
of seeds directly into sand around the parent plant.  Movement of seeds by the activity of
water is also likely, given their small size and the typical proximity of plants to running
water.  Animal activity could very easily play a role in longer distance dispersal of seeds,
given the intensive use of shelters by mammals and birds.
Larger rockshelters in this region were heavily used by pre-historic humans (Ferguson et
al. 1986), and have been greatly disturbed within recent history by settlers (and their
cattle), moonshiners, loggers, artifact hunters, and hikers.  These pre-historic and historic
human activities could potentially have affected both the overall distribution of M.
cumberlandensis and patterns of genetic diversity within the species, but the extent of
these possible effects is unknown.
Probably the most significant and immediate threats to M. cumberlandensis involve
wholesale decimation of populations through activities such as alteration of site
hydrology, excavation of rockshelters, and clearing of trees that shade rockshelters
(Wofford and Smith 1980, U. S. Fish and Wildlife Service 1996).  Such direct threats to
the existence of this vulnerable species are of highest priority to conservationists, and
many of these issues are being successfully dealt with through sound management
practices.  Fortunately, the majority of extant populations of M. cumberlandensis occur
on remote public lands, and are thus buffered from the most critical of the threats, which
allows us to address more subtle problems that may affect the long-term viability of the
species, particularly in the face of shifting environmental parameters caused by climate
7change.  Threats to genetic integrity, ecological flexibility, and adaptive potential are of
particular importance in M. cumberlandensis, given its small population sizes, limited
number of populations, and the geographical isolation of these populations from one
another.  A variety of approaches are available for assessing genetic threats and
elucidating ongoing and historical population genetic processes acting within endangered
species.
Conservation genetics.  Typical genetic threats to endangered species result from the
deleterious effects of small population size, including loss of accumulated genetic
diversity due to random genetic drift, and reduced heterozygosity caused by inbreeding
(Barrett and Kohn 1991).  In species with fragmented ranges, reduced gene flow among
populations can intensify these effects, leading to greater loss of genetic variation within
populations and genetic divergence among isolated populations.  Over many generations,
loss of genetic variation within populations and individuals may negatively impact
reproductive ability and ecological flexibility, and may decrease adaptive evolutionary
potential by narrowing the range of heritable variation available to selective processes.
Traditional conservation genetic approaches make use of selectively neutral, highly
variable unordered molecular markers (e. g. allozymes and microsatellites) for which
genealogical relationships among variants (alleles) are unknown, and focus mainly on
measuring amounts of variation within populations and assessing how the overall
variation within a species is partitioned among populations.  The observed distribution of
variation among populations is assumed to represent the effects of ongoing gene flow and
8genetic drift, from which can be extrapolated potential hazards to genetic integrity.  One
drawback of this approach is that it may downplay the contribution of historical factors to
present-day genetic structuring, which may be significant in species that have undergone
recent demographic shifts (Schaal et al. 1998).
Phylogeography.  Recent advances in population genetic analysis incorporating
genealogically ordered variation in the form of DNA sequences have expanded the scope
of conservation genetics by providing an effective means of examining population
genetic structure from a historical perspective.   By observing the geographical
distribution of genealogical lineages (the phylogeographic approach), we can infer
patterns of genetic structure resulting from historical processes such as migration, range
expansion, and habitat fragmentation (Avise 2000).
Most phylogeographic studies to date have made use of haploid, uniparentally inherited,
non-recombining, cytoplasmic DNA variation (for example, see Demesure et al. 1996,
Soltis et al. 1997), but in plants this approach is often unfruitful because of insufficient
intraspecific cpDNA variation (Schaal and Olsen 2000).  Recent work has increasingly
utilized diploid nuclear loci for phylogeographic analysis in both plants and animals, with
introns of single-copy nuclear genes showing sufficient fine-scale variation for studying
allelic relationships at the intraspecific level (Olsen 2002).
Under optimal conditions, nuclear phylogeographic analysis of plant species and
populations can provide knowledge of the historical population processes responsible for
9current distributions of genetic variation, particularly where data from multiple nuclear
loci are available (Hare 2001; Posada and Crandall 2001; Schaal and Olsen 2000; Cruzan
and Templeton 2000; Zhang and Hewitt 2003; Mort and Crawford 2003; García-Gil et al.
2003; Wright et al. 2003; Järvinen et al. 2003; Olsen and Purugganan 2002; Oh and
Potter 2003).
One important application of this knowledge is to further inform conservation
management decisions, with the goal of mitigating the effects of present and future
anthropogenic environmental impacts on the continued existence and viability of plant
lineages.  The phylogeographic approach may be particularly applicable to the study and
conservation of endemic (narrowly restricted) plant species such as M. cumberlandensis,
whose histories are obscure, and whose futures seem equally uncertain.
G3pdh.  Despite various technical hurdles, a number of highly variable nuclear genes
have proven useful in reconstructing low-level phylogenies, including ITS, Adh, waxy,
MADS, phytochrome, PGI, and Vac (Small et al. 2004, Caicedo and Schaal 2004, Mort
and Crawford 2004).  Sequences of the G3pdh gene have previously been used to study
phylogenetic relationships among recently diverged lineages of Manihot (Euphorbiaceae;
Olsen and Schaal 1999, Olsen 2002), the moss Mitthyridium (Calymperaceae; Wall
2002), the fungus Cladonia (Euascomycetes; Myllys et al. 2003), and intraspecific
variation in Cryptomeria japonica (Cupressaceae; Tani et al. 2003) and Hordeum vulgare
ssp. spontaneum (Poaceae; Morrell et al. 2003).
10
Objectives.  The goals of this study are: 1) to quantify genetic variation within and among
populations of M. cumberlandensis, and compare observed variation to that in a more
widespread and abundant relative, M. glabra, and 2) to use the phylogenetic information
inherent in DNA sequence polymorphism to gain insight into the historical processes
contributing to current population structure of M. cumberlandensis.
11
Chapter II
Materials and Methods
Plant materials.  Since M. cumberlandensis is a federally listed endangered species,
collection permits were obtained from the U. S. Fish and Wildlife Service, the Tennessee
Department of Environment and Conservation, and the National Park Service.  Ten
populations of M. cumberlandensis were sampled from across the entire range of the
species (Fig. 2), with most populations containing hundreds to thousands of individuals.
[The population at Big Island was later divided into two populations (A and B)
corresponding to geographically distinct clusters of plants in two separate shelters].
Tissue samples consisting of a single leafy stem were taken from five arbitrarily chosen
plants at widely spaced intervals throughout each population and stored on ice until DNA
extraction.  A single whole plant from each population was taken as a voucher specimen
to be deposited in the herbarium at the University of Tennessee (TENN).  Four
populations of M. glabra were sampled in the same manner, all of which occur on dry
sandstone bluffs and outcrops in the region immediately surrounding the range of M.
cumberlandensis.  Table 1 lists the sampled populations and their counties of occurrence.
Molecular methods.  Whole genomic DNA was isolated from fresh leaves of all
individuals using a miniprep modification of the CTAB procedure of Permingeat et al.
(1998).  Initial PCR amplification of the glyceraldehyde 3-phosphate dehydrogenase
(G3pdh) region was performed using universal primers designed by Strand et al. (1997;
GPDX7F and GPDX9R), which consistently amplified multiple paralogous G3pdh loci in
several species of Minuartia.  These fragments were cloned and sequenced from several
12
species, and orthologous loci were identified through phylogenetic analysis.  A primer
pair was designed to specifically amplify a 700 bp section of one ortholog:  MING3PDH-
F, ACCCAAAAGACTGTTGATGGC, and MING3PDH-R,
GGACACRACATCATCCTCTGTGTAG.  All PCR amplifications were performed in 25
µL reaction volumes, each containing the following components:  1 µL template DNA
(~10-50 ng), 1X ExTaq buffer (TaKaRa/PanVera), 200 µM each dNTP, 3.0 mM MgCl2,
0.1 µM each primer, 0.625 units ExTaq (TaKaRa/PanVera), and bovine serum albumin at
a final concentration of 0.2 µg/µL.  Cycling parameters were: 30 cycles of denaturation at
95°C for 1 minute, annealing at 63°C for 30 seconds, extension at 72°C for 1 minute;
then final extension at 72°C for 5 minutes.  PCR products were cleaned with ExoSap-IT
(Amersham), sequenced directly with the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit, v. 2.0 or v. 3.1 (Applied Biosystems Inc.), and
electrophoresed and detected on an ABI Prism 3100 automated sequencer (University of
Tennessee Molecular Biology Resource Facility). Resulting sequences were edited using
Sequencher v. 4.1 (Gene Codes Corp.).  Individuals homozygous at the nuclear G3pdh
locus were sequenced with a single primer, MING3PDH-F, though sequencing with this
primer required use of a two-step PCR sequencing cycle to eliminate sequence noise
resulting from promiscuous annealing of the primer at a secondary site within the
fragment.  1 PCR products from heterozygous individuals were sequenced from both ends
                                                
1 This promiscuous annealing produced chromatograms with double peaks for the first 50
bp or so of sequence, which then abruptly ended, giving clean sequence for the remainder
of the sequence.  By noting the base sequence of the underlying “contaminant” fragment
and comparing that sequence to all possible positions and complementary positions on
the amplified product, it was determined that the primer was also binding at a site about
50 bp from the intended binding site, and sequencing the complementary strand.
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(using both amplification primers), allowing reconstruction of sequences interrupted by
indel polymorphism.  Resolution of haplotypes in heterozygotes was accomplished by
haplotype subtraction (Clark 1990), in which known haplotypes from homozygotes are
“subtracted” from heterozygous sequences with multiple polymorphic sites, allowing
inference of the allelic content of the second haplotype.  Sequences of all resulting
haplotypes will be deposited in GenBank.
Data analysis.  Initial alignment of sequences was performed using ClustalX 1.81
(Thompson et al. 1997), with subsequent manual refinement in MacClade 4.0 (Maddison
and Maddison 2000).  Insertion/deletion (indel) events inferred during alignment were
scored as additional binary characters and added to the data matrix for use in
phylogenetetic analyses, though they were excluded from population genetic analyses.
For both M. cumberlandensis and M. glabra, analyses of genetic variation within and
among populations were performed using Arlequin v. 2.000 (Schneider et al. 2000).
Standard genetic parameters were calculated for each population, including estimates of
haplotype diversity, heterozygosity, and nucleotide diversity.  Analysis of Molecular
Variance (AMOVA; Excoffier et al. 1992), as implemented in Arlequin v. 2.000, was
used to test for significant genetic structuring among populations of each species relative
to a null distribution of random assortment of haplotypes within and among populations.
To gain further understanding of the relative influences of gene flow and genetic drift at
different spatial scales across the range of M. cumberlandensis, a test for isolation-by-
distance was performed in Arlequin to detect significant correlation of population
14
pairwise genetic distance (FST) and population pairwise geographic distance (see
Hutchison and Templeton 1999).
Phylogenetic analyses of all haplotypes using the optimality criterion of maximum
parsimony were performed with PAUP* 4.0b10 (Swofford 2002), and support for
obtained phylogenetic relationships among haplotypes was assessed with bootstrap
analysis (1000 replicates, full heuristic search).  Relationships defined by indel
polymorphisms were found to be congruent with those defined by nucleotide
substitutions, justifying their inclusion in the matrix for parsimony analysis. Phylogenetic
analysis using the optimality criterion of maximum likelihood was also performed in
PAUP* using the HKY85+G model of nucleotide substitution as indicated by Modeltest
3.06 (Posada and Crandall 1998) and excluding indel characters.  The program DnaSP
4.0 (Rozas et al. 2003) was used to detect possible recombination events within the data
set, since such events could potentially affect phylogenetic analyses.  A single rogue
haplotype, J, was the obvious product of recombination between distant clades, and was
thus omitted from phylogenetic analysis, though it was included in genetic diversity
measures.
The standard phylogenetic analyses discussed above make certain assumptions about
relationships among taxa (haplotypes) that may not be warranted for allelic relationships
within species (Clement et al. 2000).  First, standard trees represent taxa as terminal
points on branches, assuming that no ancestral taxa persist.  In addition, standard trees
assume that taxa are related through bifurcating divergence.  These assumptions are
15
generally safe for depicting relationships among species or higher taxa, but at the
intraspecific level, it is quite likely that ancestral alleles will persist, and that alleles will
show reticulating patterns of relationship due to recombination.  Thus a more appropriate
representation of haplotypic relationships within species is a network, consisting of nodes
(haplotypes) connected to one another by lines (mutational steps), and which allows
haplotypes to be placed as direct ancestors to other haplotypes, and allows haplotypes to
not only diverge from one another, but also converge.
To detect ancestral (interior) haplotypes and reticulating relationships among haplotypes,
statistical parsimony analysis was performed with the program TCS (Clement and Posada
2000), which was used to generate a haplotype network (cladogram) for each species.
16
Chapter III
Results
Diversity of G3pdh.  The sequenced G3pdh region in M. cumberlandensis and M. glabra
ranged from 664 to 691 base pairs in length, including 247 bp of coding sequence from 3
exons (2 partial and 1 entire) (Fig. 4).
In the 55 diploid individuals (110 alleles) of M. cumberlandensis sequenced, 25 unique
haplotypes2 (alleles) were observed, defined by 35 nucleotide substitutions and 13 indels
(ranging from 1 bp to 18 bp in length).  Three substitutions occur in the coding region,
two synonymous and one resulting in an amino acid substitution (glutamic acid to lysine).
Thirteen of the 55 M. cumberlandensis individuals (23.6 percent) were heterozygous at
the G3pdh locus, having two distinct haplotypes present.
Among 20 individuals (40 alleles) of M. glabra sequenced, 18 haplotypes were observed,
defined by 23 nucleotide substitutions and 3 indels (1-6 bp in length).  A single
synonymous substitution was observed in the coding region.  Eighteen of the 40 M.
glabra individuals (45 percent) were heterozygous at the G3pdh locus.
                                                
2 In this paper, the term haplotype is used interchangeably with allele, and refers to a
DNA sequence variant. Thus, if any two homologous sequences differ at one or more
base positions, then by definition they constitute different haplotypes.  Since the
sequences used in this study were generated from a diploid nuclear locus (G3pdh), then
each individual plant will possess two homologous sequences (alleles) that may or may
not constitute different haplotypes.
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Figure 5 shows a matrix of polymorphic sites observed in all haplotypes of M.
cumberlandensis and M. glabra, and Table 2 summarizes patterns of nucleotide
polymorphism in populations of both species.  Figure 6 shows the number of haplotypes
observed in each population for both species.  Haplotype diversity and observed
heterozygosity were compared for each population in Figure 7, and the nucleotide
diversity (π) for each population is shown in Figure 8.
Population genetic structure.  Analysis of molecular variance (AMOVA: Table 3) yielded
a higher among population variance component (FST = 0.63) for M. cumberlandensis than
for M. glabra (FST = 0.22).  Thus, M. cumberlandensis shows high among-population
variation and low within-population variation, in contrast to M. glabra, which shows high
variation within populations and low variation among populations.  In addition, a
significant positive correlation was found between population pairwise FST and pairwise
geographic distance in M. cumberlandensis, but with a large range of pairwise FSTs at any
given geographic distance (Fig. 10).
Genealogy of G3pdh haplotypes.  Figure 11 shows the strict consensus of 3608 most
parsimonious trees (of length 126) for all haplotypes of M. cumberlandensis and M.
glabra, with level of bootstrap support for the resolved clades indicated at the nodes.  The
populations of occurrence and number of observed occurrences for each haplotype are
noted in the tables above each species.  Figure 12 shows the single most likely tree of
relationships among all haplotypes, with branch lengths indicating number of
substitutions per site.  The likelihood tree clearly indicates that the M. cumberlandensis
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and M. glabra haplotypes form distinct clusters separated by a significant mutational
distance, and when rooted at the midpoint, or with an outgroup (M. groenlandica), the
alleles of both species form monophyletic groups.
Statistical parsimony analysis was performed with the program TCS in order to
reconstruct haplotype networks for both M. cumberlandensis and M. glabra (Fig. 13).
The arrow on the cladogram for M. cumberlandensis (Fig. 13a) indicates the location of
the most parsimonious and most likely root, as determined in PAUP* using M. glabra as
the outgroup.  The M. glabra cladogram is unrooted because of weak support for the root
inferred in PAUP*.  Reticulations (loops) in the M. cumberlandensis network indicate
potential recombination events or homoplasious character state changes, which is not
surprising given that DnaSP 4.0 detected 3 possible recombination events within those
haplotypes.  The position of rogue haplotype ‘J’ was roughly inferred by connecting it to
the most similar haplotypes to each of its two recombined segments.
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Chapter IV
Discussion
Haplotype diversity and heterozygosity.  Minuartia cumberlandensis and M. glabra
maintain a fairly high amount of genetic diversity at the G3pdh locus as measured by
both total number of unique haplotypes and haplotype diversity, a measure that
incorporates the relative frequencies of haplotypes (Table 2).  Haplotype diversity, also
known as gene diversity, is defined as the probability that two randomly chosen
haplotypes from a sample will be different, and is equivalent to the expected
heterozygosity in a population at equilibrium (Nei 1987).
Observed heterozygosity is higher in M. glabra than in M. cumberlandensis (0.45 versus
0.24), and global heterozygosity (over all populations) in both species measures well
below levels expected under equilibrium conditions, which is often the case in species
with a significant amount of population substructuring (Hartl and Clark 1997).
Individual populations of both species also show heterozygosity lower than predictions
based on haplotype diversity, with some populations of M. cumberlandensis having little
or no heterozygosity despite having relatively high haplotype diversities (e. g. Big Island
A, Slave Falls, Jamestown Reservoir) (Fig. 7).  The reduced heterozygosity observed in
this case is consistent with the effects of frequent mating among closely related plants, or
inbreeding, which characteristically occurs more frequently in smaller populations.  A
related factor likely to affect breeding patterns (and thus heterozygosity) in M.
cumberlandensis is the potential for restricted movement of pollen and seeds, even within
a single rockshelter population. Limited gene flow within populations (and reduced
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heterozygosity) could also result from a high occurrence of self-fertilization, but it hasn’t
yet been established that M. cumberlandensis is even self-compatible, though there is no
apparent physical barrier preventing pollen from contacting mature stigmas on the same
plant.  Self-compatibility is thought to occur often in species that colonize new areas of
isolated habitat through rare dispersal events, which makes the ability to self-fertilize a
necessary solution to the lack of sufficient potential mates and/or pollinators (Fishman
and Wyatt 1999; Baker 1955).  Certainly, further investigation into the breeding system
of M. cumberlandensis, in addition to finer-scale sampling of genetic variation within
populations, could add greatly to our understanding of mechanisms of gene flow within
the species.
Though M. cumberlandensis and M. glabra have equivalent levels of global G3pdh
haplotype diversity, individual populations of M. cumberlandensis contain fewer
haplotypes on average (3 versus 4.75) and have lower haplotype diversities on average
(0.52 versus 0.76) than populations of M. glabra.  This is consistent with expectations of
higher rates of genetic drift due to smaller population sizes in M. cumberlandensis.
Populations of M. cumberlandensis vary considerably in G3pdh haplotype diversity, with
some populations being fixed for a single haplotype, and others having as many as six
distinct haplotypes present (Fig. 6).  There is no apparent geographical pattern in the
distribution of populations with high or low allelic diversity, though the population with
the highest number of haplotypes and highest haplotype diversity (Ladder Trail) is a large
population located within the dense cluster of populations in proximity to Pickett State
21
Park (Fig. 2).  However, other populations within this cluster (Hazard Cave, Pickett Dam)
have much lower haplotype diversities than the Ladder Trail population, indicating that
even within the most densely occupied area of the species’ range, rockshelter populations
can be sufficiently isolated from one another to allow for significant divergence.  Two
populations are fixed for single haplotypes (Middle Creek and Puncheoncamp Fork).
The Middle Creek population, though in close proximity to other populations, consists of
only a few dozen individuals in the corner of a large shelter, which suggests that genetic
diversity may be low because of bottlenecking due to recent colonization and/or rapid
fixation due to low population size.  The Puncheoncamp Fork population contains
hundreds of individuals, but is significantly isolated from any other known population,
suggesting its low diversity results from insufficient immigration to counter the long-term
effects of genetic drift.
Nucleotide diversity.  As markers for studying population genetic processes, DNA
sequences can be extremely valuable, allowing the reconstruction of evolutionary
relationships among variant alleles, and thus providing a phylogenetic context for
observed patterns of allelic distribution. Various measures of population genetic diversity
incorporate information about relationships (similarities) among sequence haplotypes
(alleles) and add a historical dimension to observed patterns of population diversity.  One
such diversity measure that incorporates phylogenetic distance among alleles is
nucleotide diversity (π).
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Nucleotide diversity (π) is the mean number of pairwise differences among all sequences
in a sample (per nucleotide site), and is a rough measure of the amount of mutational
divergence within a group of sequences.  A low value of π indicates that all sequences in
the group tend to be very similar to one another (little divergence), while a high value
indicates that sequences in the group tend to differ by many mutations (high divergence).
Perhaps surprisingly, global nucleotide diversity is higher in the rare endemic M.
cumberlandensis than in M. glabra (0.013 versus 0.007) (Table 2).  This indicates that M.
cumberlandensis as a species maintains a much broader spectrum of allelic variation than
does M. glabra (at least within the sampled populations).  So, even though the two
species maintain an equivalent amount of haplotype diversity, in M. cumberlandensis
haplotypes tend to be distantly related, while the sampled haplotypes in M. glabra tend to
be more closely related.
Individual populations of M. cumberlandensis have a wide range of nucleotide diversities
(from zero to 0.013), with an average value of 0.005, while populations of M. glabra
have a relatively narrow range of nucleotide diversities (from 0.004 to 0.008), with an
average value of 0.006 (Fig. 8).  Populations that are fixed for a single haplotype
(Puncheoncamp Fork, Middle Creek) have nucleotide diversity of zero by definition,
while populations with greater haplotype diversities have higher values of π, though
populations with similar haplotype diversities may have very different levels of
nucleotide diversity (depending on relationships among their constituent haplotypes). For
example, the sampled populations at Laurel Fork, Jamestown Reservoir, and Peters
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Bridge all have roughly equivalent haplotype diversities (~0.7), but have nucleotide
diversities of 0.008, 0.003, and 0.001 respectively.  The decreasing π values seen in these
populations represent increasing levels of phylogenetic similarity among haplotypes in
each population, with the Peters Bridge population having three very closely related
alleles.  The population with the highest haplotype diversity (Ladder Trail) also has
relatively high nucleotide diversity, suggesting broad phylogenetic variation among the
six alleles possessed by the sampled individuals.  The highest value of π is found in the
Slave Falls population, which contains a rogue haplotype (haplotype J) that is the
apparent result of recombination between two distantly related haplotypes.  This
recombination event has the result of increasing the number of pairwise differences
between haplotype J and any other sequence, thus raising overall nucleotide diversity in
the population (and, to a lesser degree, the species as a whole).
Population genetic structure, gene flow, and genetic drift.  It’s interesting to note that
even though M. cumberlandensis has high global nucleotide diversity relative to M.
glabra, the nucleotide diversity within populations of M. cumberlandensis is lower on
average than nucleotide diversity within populations of M. glabra (Table 2).  What this
pattern suggests is that the average population of M. cumberlandensis contains only a
small, non-representative subset of the overall phylogenetic variation in the species,
whereas the average population of M. glabra contains practically the entire breadth of
variation possessed by the aggregated populations sampled.
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The analysis of molecular variance (AMOVA: Table 3) confirms the above patterns of
genetic structuring, revealing significant structure in both species, but with 63 percent of
the total variation in M. cumberlandensis being distributed among populations rather than
contained within them, and only 21 percent of the total variation in M. glabra distributed
among populations.
The partitioning of variation seen in M. cumberlandensis is consistent with long-term
limited gene flow among isolated populations and/or recent establishment of populations
from a heterogeneous source population.  The relative genetic homogeneity across
populations of M. glabra is consistent with patterns expected for either high rates of gene
flow among populations or, alternatively, a relatively recent establishment of all
populations from some homogenous source population.  Further evidence, discussed
later, may help to elucidate which scenario is more likely.
Relationships among populations.  Studies of genetic structuring can fruitfully
incorporate information on spatial relationships among populations to gain further insight
into population genetic processes.  An approach used by Hutchison and Templeton
(1999) to elucidate the relative roles of gene flow and genetic drift in contributing to
population genetic structure involves testing for correlation of geographic distance
between populations with genetic distance between those populations.  Assuming a
stepping-stone model of regional population structure, in which adjacent populations are
most likely to interact through gene flow, they propose that a group of populations at
regional equilibrium between loss and gain of alleles (through drift and gene flow) will
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show a predictable pattern of increasing genetic distance between populations with
increasing physical distance.  In fact, a scatterplot of all pairwise comparisons of
population genetic distance and geographic distance should show a positive and
monotonic relationship across all geographic distances, with the scatter of the pairwise
points tending to increase as spatial separation of populations increases (Fig. 9a).  This
equilibrium pattern is referred to as “isolation-by-distance,” and results from the
changing relative roles of gene flow and drift as population separation increases.  At
smaller geographic distances, populations will tend be more genetically similar, and the
homogenizing effects of gene flow will reduce the variability of genetic distances
between pairs of populations.  However, populations separated by greater geographic
distances will have reduced influence of gene flow between them, increasing genetic
distance between them, and proportionally increasing the influence of genetic drift within
populations, leading to higher variability of pairwise genetic distances due to random
fluctuations in population genetic makeup.
Theoretically, the equilibrium pattern of isolation-by-distance discussed above will form
in any group of populations maintaining stable dispersal conditions for a sufficient
amount of time (Hutchison and Templeton 1999).  In many cases, particularly in species
that have undergone recent demographic shifts, equilibrium conditions will not have been
reached, and relationships between genetic and geographic distances between populations
will differ significantly from the example in Figure 9a.  By evaluating scatterplots of
genetic distance (FST) versus geographic distance between all pairs of populations in a
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region, the relative roles of gene flow and genetic drift may be extrapolated based on
degree of correlation and amount of scatter at various spatial scales.
First, consider a hypothetical group of populations that have recently arisen from some
homogenous source population, either through migration or fragmentation of a large
continuous population.  In this scenario, genetic distances between populations will be
low regardless of the physical distance separating them, and there will be little variation
in genetic distances among pairwise comparisons (Fig. 9b).  If gene flow among
populations remains high over time relative to drift, then this pattern (panmixia) will
persist.  Alternatively, if gene flow among populations remains relatively insignificant,
then genetic drift within populations will be the dominant force, leading many
populations to diverge genetically and others to remain more similar merely through
random genetic fluctuation.  With this scenario of extreme fragmentation and isolation, as
in the case of panmixia, the genetic distance between a pair of populations will have little
or no relationship to the geographic distance between them, but in contrast to panmixia,
the amount of variance (scatter) in pairwise genetic distances will be high at any given
geographic distance (Fig. 9c).
A final non-equilibrium alternative discussed by Hutchison and Templeton (1999)
involves incipient localized gene flow among nearby populations, with genetic drift still
dominating population relationships at greater geographical scales (Fig. 9d).  Over time,
given stable dispersal conditions, this pattern will come to resemble the equilibrium
pattern in Figure 9a, but if conditions change so that populations become smaller or more
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isolated, then the pattern will shift to look more like the drift-dominated scenario of
Figure 9c.  Likewise, if conditions change so that dispersal among populations increases
or population sizes increase, then the pattern in Figure 9d will begin to look more like the
gene flow-dominated scenario of Figure 9b.
The very small range of M. cumberlandensis, and the accompanying stochastic effects
related to the small geographic scale of its “regional” population distribution make it
unlikely that a clear pattern of isolation-by-distance can be resolved, though the
scatterplot of all pairwise population comparisons of genetic distance (FST) and
geographic distance (simple linear distance in kilometers) is still informative when
viewed in the context of the model scenarios discussed above (Fig. 10).  Although there
is a significant positive correlation overall between population genetic distance and
geographic distance in populations of M. cumberlandensis (r=0.165, p=0.015), the high
degree of scatter in FST at most geographic distances supports the conclusion that the
species is far from being at regional equilibrium.  A reasonable interpretation of this
pattern is that populations of M. cumberlandensis are significantly isolated from one
another at all geographic scales, though populations within about 4 kilometers tend to be
more similar to one another.  At distances greater than 4 kilometers, there is no
discernible relationship between physical separation of populations and the amount of
genetic divergence between them, although populations at extreme ends of the species’
range (thus greater than 25 km apart) are consistently genetically dissimilar.
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These results support the conclusion that populations of M. cumberlandensis in general
are, at present, essentially independent of one another genetically, and have been for a
significant period of time, with the possible exception of densely clustered populations
with little geographic separation (as in the Pickett County populations).  Nonetheless, it’s
important to note that certain widely separated populations show a striking degree of
genetic similarity.  For example, the Ladder Trail and Laurel Fork populations are 11
kilometers apart, but have an extremely low pairwise FST of only 0.02.  It is implausible
that high levels of contemporary gene flow between these two populations account for
their similarity, given the large distance between them, the lack of apparent intermediate
populations, and the observed physical isolation of the Laurel Fork population.  There are
two plausible explanations for their high degree of similarity.  First, assuming that at
some point in the distant past the two populations shared a common gene pool that was
subsequently fragmented, it is conceivable that long-term maintenance of large, stable
populations at each site could have reduced the effects of random genetic drift, thus
maintaining the ancestral similarity between the two populations.  Alternatively, it is
possible that a relatively recent dispersal event from some source population (e. g. Ladder
Trail) resulted in the establishment of a distant population (e. g. Laurel Fork) with nearly
identical genetic makeup, and drift within the two populations has not had sufficient time
to cause significant divergence between them.
Perhaps easier to explain are the occurrence of highly genetically divergent populations
with little geographic separation between them.  The best examples of this involve
populations that have very low variation or are fixed for a single haplotype, and as a
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result yield very high FST values when compared with other populations.  The Middle
Creek population for example, despite the fact that it has several nearby populations with
which it might interact genetically, probably remains genetically depauperate and
dissimilar from neighboring populations in spite of occasional genetic exchange due to
the overpowering effect of genetic drift due to small population size.
Genealogy of M. cumberlandensis and M. glabra haplotypes.  To gain further insight into
the spatial distribution of genetic variation in M. cumberlandensis, and the ongoing and
historical ecological and genetic processes that have created extant genetic patterns, it is
helpful to reconstruct genealogical relationships among G3pdh variants.  By mapping the
geographical distribution of genealogical lineages (haplotypes and clades), we may
uncover patterns that reveal the impact of historical processes on overall structuring of
genetic variation in the species, which we can then attempt to separate from patterns due
to ongoing processes.  There are many novel approaches to using phylogeographic
variation for inference of historical demographic factors such as range expansion,
migration, habitat fragmentation, and population size fluctuation (Templeton 1998, 2004;
Templeton et al. 1995; Knowles and Maddison 2002), but this paper takes a more
traditional approach, rather than applying rigorous statistical analyses. In fact, given the
unique distribution and population structuring in M. cumberlandensis, and the small
number of populations and individuals sampled for this study, it is not certain that
contemporary statistical phylogeography would provide any greater confidence in our
conclusions, or any novel insights.
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Reconstruction of phylogenetic relationships among G3pdh haplotypes using standard
parsimony and likelihood approaches gives us a good approximation of the scale of
evolutionary divergence within M. cumberlandensis and M. glabra, as well as revealing
relationships between the two species.  The cladogram in Figure 11 represents the
consensus of 3608 most parsimonious trees, with the bootstrap values at each node
representing the level of confidence that all haplotypes above that node form a
monophyletic group, or clade.  The tree is rooted at the midpoint, which essentially
places the root (ancestral node) at the longest “branch” of the tree, in this case the branch
separating M. cumberlandensis haplotypes from M. glabra haplotypes.
Note that (with midpoint rooting) the haplotypes of each species form strictly
monophyletic groups (clades), meaning that all haplotypes within each species are more
closely related to one another than they are to any haplotype in the other species.  In
terms of evolutionary relationships, we can infer that the haplotypes within each species
are descended from a single common ancestor within that species.  While it may seem
self-evident that the alleles in each species should form monophyletic groups, it is by no
means uncommon for different species to show paraphyly or polyphyly with respect to
allelic relationships, especially in species that have diverged recently, and especially for
diploid nuclear genes (with large effective population sizes) (Hare 2001).  In many cases,
hybridization events will result in alleles from one species appearing to be embedded in
the clade of another species’ alleles.  Based on this data, there is no evidence that
hybridization occurs between M. cumberlandensis and M. glabra, and based on the
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observed reciprocal monophyly, it is safe to say that the two species diverged in the
distant past.
All of the above phylogenetic patterns are also evident in the maximum likelihood tree
(Fig. 12), which represents the single most likely inference of relationships among the
haplotypes of both species (based on an assumed model of evolutionary change).  The
tree is drawn as a phylogram to make clear the amount of actual genetic change that has
occurred within lineages, with branch lengths corresponding to the amount of mutation
separating the various clades and haplotypes.  Comparison of phylogenetic patterns in the
two species can inform our interpretation of the varying measures of genetic diversity
discussed earlier.
Recall that global nucleotide diversity (π) was significantly greater in M.
cumberlandensis than in the sampled populations of M. glabra, despite their equivalent
measures of haplotype diversity, which indicated that M. cumberlandensis maintains a
much broader phylogenetic diversity among its haplotypes than does M. glabra.  Looking
at the maximum likelihood tree, we can see why this is the case: the alleles of M.
cumberlandensis have a “deeper” divergence on the tree than do the sampled alleles of
M. glabra, which makes average sequence divergence among M. cumberlandensis
haplotypes relatively large.  This suggests that either the mutation rate is higher within
G3pdh lineages in M. cumberlandensis, or that the most recent common ancestor of the
sampled alleles in M. cumberlandensis existed further back in time than the most recent
common ancestor of the sampled M. glabra alleles.  Given the relatively low level of
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divergence within the two species, we should be cautious in drawing conclusions, but the
noticeable grouping of M. cumberlandensis G3pdh haplotypes into two distinct clades
supported by multiple mutations in the coding region, it’s likely that the deep divergence
observed in M. cumberlandensis represents maintenance of older polymorphism.  But
why would this be the case?
It’s possible that historical fragmentation of M. cumberlandensis populations has resulted
in the maintenance of isolated lineages whose most recent common ancestor (coalescent)
dates back to an ancient common ancestral population, while the shallow divergence
(recent coalescence) observed in M. glabra is a result of its lack of such fragmentation,
and is purely a product of its effective population size.  If such extreme fragmentation
had occurred, and had isolated the diverse lineages observed in M. cumberlandensis for
an extended period of time, then certainly those long-isolated lineages are at present fully
integrated, occurring frequently in the same populations, and even in the same
individuals.  It would indeed be ironic if the very fragmentation thought to endanger the
existence of M. cumberlandensis were in fact responsible for its unusual breadth of
genetic diversity, though it’s far from certain that this is the case.  It’s also entirely
possible that the deeper coalescence observed in M. cumberlandensis could arise if the
species had maintained a large effective metapopulation size over a long period of time,
while M. glabra had undergone a significant bottleneck event that reduced genetic
diversity at some point in the “recent” past.  Based on the current habitats of both species,
and what we know of vegetation changes during the course of the Pleistocene (Delcourt
1979), it’s not unreasonable to speculate that M. cumberlandensis has persisted in its
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current range throughout periods of climate fluctuation, while M. glabra is likely to have
recently “invaded” the region of the northern Cumberland Plateau as a single
homogenous migration front, which also may explain, in large part, the genetic
homogeneity observed among populations of M. glabra from throughout this region.
Haplotype networks for both M. cumberlandensis and M. glabra (Fig. 13) largely reflect
the relationships revealed by the parsimony and likelihood trees, with the additional
benefit of showing ancestral alleles as embedded within lineages, rather than terminating
them.  Also the M. cumberlandensis network has “loops,” representing either homoplasy
or the effects of recombination among alleles.  Note that the network for M.
cumberlandensis is rooted (with M. glabra as the outgroup, indicated by the arrow),
while the network for M. glabra is not rooted due to lack of strong support for any single
root position.  Also note that haplotype J, a recombinant allele that was left out of the
earlier phylogenetic trees, was connected to the two haplotypes most closely related to its
putative “parent” alleles.  The black dots on the network represent haplotypes whose
existence is inferred, but were not sampled, and the lines connecting dots represent
mutational steps between haplotypes or inferred haplotypes.  Thus, for example, in the M.
cumberlandensis network (Fig. 13a), haplotype D is the direct ancestor of haplotype H,
and the two differ by a single mutation.  In the case of haplotypes Q, S, and R, the loop
indicates that the ancestry of haplotype R is ambiguous, either because haplotypes Q and
S recombined at some point, or because the direct (inferred) ancestor of haplotype R
converged through homoplasy to be equally distant (one mutation) from both haplotype
Q and haplotype S.  A casual comparison of the two networks reaffirms the observation
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that M. cumberlandensis contains broader mutational diversity and displays greater
phylogenetic structure at the G3pdh locus, and that M. glabra’s alleles tend to be more
closely related to one another.
Geographic distribution of haplotypes and clades.  To begin to understand the importance
of phylogeographic patterns in elucidating factors that structure genetic variation, it is
helpful to both visualize the phylogenetic composition of individual populations, and to
map the distributions of significant haplotypes and clades throughout the range of the
species (using data from the tables on Fig. 11).  The diagrams in Figure 14 (a-k) depict
the allelic composition of each population of M. cumberlandensis, with the observed
alleles for that population highlighted in green on the overall network for the species.
The number of occurrences of each observed haplotype in that population is noted in
green.  Thus the Ladder Trail sample consists of two copies of haplotype A, four copies
of haplotype B, one copy of C, and so on.  You may recall that Ladder Trail had one of
the highest measures of nucleotide diversity (π) of all the populations, and it’s clear from
this diagram (Fig. 14a) why this is the case: the Ladder Trail population alone carries
nearly the entire breadth of variation that the species carries as a whole.  The low value of
pairwise FST (genetic distance) for Ladder Trail and Laurel Fork (Fig. 14e) is undoubtedly
due to their possession of roughly equivalent frequencies of haplotypes B and C, and the
close relationship of haplotype D in Ladder Trail to haplotype H in Laurel Fork.  Other
populations, such as Jamestown Reservoir (Fig. 14g) and Peters Bridge (Fig. 14h) draw
their allelic content from only a small portion of the overall network, which explains their
lower nucleotide diversities, and strongly suggests some historically derived pattern of
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genetic partitioning.  An extreme example of genetic partitioning is the Puncheoncamp
Fork population (Fig. 14k), which is fixed for haplotype U, resulting in high genetic
distance between it and other populations, though Puncheoncamp Fork apparently has
some genetic relationship to Big Island B (Fig. 14j), which possesses the closely related
haplotype T.
At first glance, the diagrams of population allelic composition for M. glabra (Fig. 15)
seem to show that the alleles in each population are randomly scattered across the
haplotype network for the species, rather than being partitioned based on phylogenetic
relationships. Upon closer inspection, however, it’s clear that while there is abundant
phylogenetic overlap among the populations, there is little sharing of specific alleles
among them, with the exception of haplotype h, which occurs in both of the Fentress
County populations (Jamestown Reservoir and Darrow Ridge).  This pattern indicates
some degree of restricted gene flow among these populations, but it remains to be
determined whether population similarities are primarily due to significant long-term
regional gene flow, or to retention of ancestral polymorphism after a relatively recent
establishment of populations, or both.  Further sampling of populations of M. glabra
would be a first step in addressing this question, including sampling the entire range of
the species in order to look for the telltale signs of Pleistocene migration and range
expansion.
M. cumberlandensis, in contrast to M. glabra, has a significant number of shared
haplotypes among its populations.  Mapping the geographical distributions of these
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shared haplotypes allows us to visualize the combined effects of contemporary gene flow
and historical population structuring.  If we map the geographic ranges of not just
individual haplotypes, but of groups of closely related haplotypes (clades sensu
Templeton), then we can visualize patterns that represent the effects of gene flow and
historical contingency over longer spans of time.  For example, Figure 16 shows the
distribution of haplotypes W, X, and Y, which are all closely related to one another and
form a monophyletic group that is relatively derived (distant from the root).  All three
haplotypes were observed only at the Peters Bridge population and nowhere else,
although they appear to be descended from haplotype A, which is common elsewhere in
the species’ range.  The fact that this lineage is restricted to a single population at the
extreme end of the range of M. cumberlandensis, and has had time to accumulate a
number of mutations, indicates relatively long-term isolation of this population from the
remainder of the range, with no emigration from its gene pool.  Another monophyletic
group made up of haplotypes Q, R, and S, is restricted to the two Big Island populations
(Fig. 17), and suggests a similar degree of isolation of these populations from the
remainder of the range.  A clade consisting of haplotypes U and T occurs only at
Puncheoncamp Fork and Big Island B, and may represent evidence of limited gene flow
between the two populations (Fig. 18).  An interesting example of a small clade with
widespread distribution consists of haplotypes G and N, and occurs at Laurel Fork,
Hazard Cave, and Big Island A (Fig. 19).  One might assume that this distribution
provides evidence of long distance gene flow among the three widely spaced populations,
but in fact the haplotypes are relatively old (based on their proximity to the root), and are
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therefore likely to occur across the range of M. cumberlandensis because of shared
ancestral polymorphism among populations.
A final noteworthy pattern of clade distributions involves the two major subclades at the
highest level of structure in the haplotype network (Fig. 20).  The clade highlighted in
purple occurs across the entire range of M. cumberlandensis, while the large group of
haplotypes highlighted in yellow is restricted to the Pickett County populations and
Laurel Fork.  What caused this distributional pattern is not immediately evident, but it
makes very clear that the majority of the broad genetic variation in the species resides in
the central cluster of populations highlighted in yellow.  This makes sense given that the
highest densities of populations occur in this area, thus making it likely that broad
ancestral polymorphism would be maintained because of the larger effective population
sizes and more frequent gene flow resulting from the dense clustering of populations.
Conclusions and implications for conservation.  The above discussion can be distilled
into a few basic points that are directly relevant to the conservation of M.
cumberlandensis:
• Haplotype diversity within most populations of M. cumberlandensis is high, but
observed heterozygosity is low, suggesting the effects of inbreeding and the risk
of inbreeding depression.  However, inbreeding may not be a significant threat to
genetic integrity in the species, particularly if purging of deleterious recessive
alleles has already taken place.
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• Minuartia cumberlandensis shows significant structuring of overall genetic
variation, with populations tending to carry only a small non-representative subset
of the overall variation found in the species.  This is due to extremely reduced
gene flow among populations, particularly outliers, and the influence of genetic
drift within small populations.
• The relatively high nucleotide diversity observed in M. cumberlandensis is due to
deep coalescence and persistence of broad ancestral polymorphism, particularly in
largest contiguous cluster of populations in Pickett County.
• Outlying populations contain a significant amount of the species’ overall
variation, but are currently genetically isolated from the main cluster, with shared
haplotypes likely representing maintenance of persistent ancestral alleles in larger
populations.
• It is likely that M. cumberlandensis has persisted in its current location through
cyclical changes in climate during the Pleistocene, and if protected from habitat
destruction and population decimation, it may fare well in the face of future
climate change.
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Appendix A:  Tables
47
Table 1:  Populations sampled and counties of occurrence.
Species County Population Sampled
M. cumberlandensis Pickett, TN Ladder Trail
Hazard Cave
Pickett Dam
Scott, TN Slave Falls
Middle Creek
Big Island A
Big Island B
Puncheoncamp Fork
Fentress, TN Laurel Fork
Jamestown Reservoir
Morgan, TN Peters Bridge
M. glabra Grainger, TN Clinch Mountain
Morgan, TN Lilly Bridge
Fentress, TN Darrow Ridge
    Jamestown Flatrock
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Table 2:  Summary of population variation for M. cumberlandensis and M. glabra.
49
Table 3:  Analyses of molecular variance (AMOVA).
Source of 
variation
Minuartia 
cumberlandensis
Minuartia 
glabra
Among 
Populations 63.27 21.73
Within 
Populations 36.73 78.27
p<0.00001 for all values
Percentage of Variation
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Appendix B:  Figures
51
Figure 1:  Range of M. cumberlandensis in Tennessee and Kentucky.
52
Figure 2:  Sampled populations of M. cumberlandensis.
53
Figure 3:  Southern ranges of species in the M. groenlandica complex (from Weaver
1970, Fishman and Wyatt 2004).
54
Figure 4:  Sequenced region of glyceraldehyde 3-phospate dehydrogenase (G3pdh).
Primer binding sites are indicated by arrows.  Exon regions are B, C, and D, and introns
are b and c.
55
Figure 5:  Matrix of polymorphic sites.  Haplotypes A through Y are from M.
cumberlandensis and haplotypes a through r are from M. glabra.  The positions of
polymorphic sites in the overall alignment are indicated by the vertically displayed
numbers along the top of the figure.  Sites in the coding region are underlined.  A period
(“.”) indicates that the sequence position is identical to the top sequence (haplotype C),
and a dash (“-“) represents an insertion or deletion at that position.
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 Figure 6:  Number of haplotypes per population.  Minuartia cumberlandensis is
represented by red bars, and M. glabra by green bars.  The average number of haplotypes
across populations of a species is shown as a hatched bar.
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Figure 7:  Haplotype diversity and observed heterozygosity within populations.
Populations of M. cumberlandensis are represented by red bars, and populations of M.
glabra are represented by green bars.  Solid bars are estimates of haplotype diversity and
hatched bars indicate observed heterozygosity.
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Figure 8:  Nucleotide diversity within populations.  Populations of M. cumberlandensis
are represented by red bars and populations of M. glabra by green bars.  The average
value of nucleotide diversity across populations of a species is shown as a hatched bar.
59
Figure 9:  Possible relationships of geographic and genetic distance between populations.
Shows hypothetical relationships of population genetic distance and geographic distance
based on various scenarios of population structure under a stepping-stone model of gene
flow; a) under conditions of equilibrium between loss of alleles due to drift and gain of
alleles through gene flow; b) under conditions of panmixia, or dominance of gene flow;
c) under conditions of complete fragmentation, or dominance of genetic drift within
populations; and d) under conditions of shifting roles of gene flow and drift, with nearby
populations experiencing high rates of gene flow, but more distant populations still
showing divergence due to drift (adapted from Hutchison and Templeton 1999).
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Figure 10:  Population pairwise FST vs. geographic distance for M. cumberlandensis.
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Figure 11:  Bootstrap parsimony tree.  Shows relationships of G3pdh haplotypes of M.
cumberlandensis and M. glabra, rooted at midpoint.  The numbers at the nodes of the tree
represent levels of bootstrap support.  The number of observed copies of each haplotype
for each population are displayed in the tables above the tree.
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Figure 12:  Maximum likelihood tree.  Shows relationships among G3pdh haplotypes of
M. cumberlandensis and M. glabra.
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Figure 13: G3pdh haplotype networks.  Networks for a) M. cumberlandensis and b) M.
glabra, showing reticulations and interior haplotypes.  Each dot represents an inferred
haplotype that was not observed, and the line segments connecting haplotypes or inferred
haplotypes represent mutational steps.  The arrow in the M. cumberlandensis network
represents the root of the tree, or the most recent common ancestor of all sampled
haplotypes.  The exact placement of haplotype J is indeterminate, but it is the product of
recombination between haplotypes closely related to A and F.
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Figure 14:  Population composition charts for M. cumberlandensis.  For each population,
observed haplotypes were highlighted in green on the overall species cladogram, with the
number of copies of each observed haplotype indicated in green.  Includes a) Ladder
Trail; b) Hazard Cave; c) Pickett Dam; and d) Slave Falls.  In the Slave Falls population
(d), haplotype J was observed, which is a recombined form related to the two other
observed haplotypes in the population (I and E).
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Figure 14 continued: Population composition charts for M. cumberlandensis. Continued.
Includes e) Laurel Fork; f) Middle Creek; g) Jamestown Reservoir; and h) Peters Bridge.
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Figure 14 continued: Population composition charts for M. cumberlandensis. Continued.
Includes i) Big Island A; j) Big Island B; and k) Puncheoncamp Fork
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Figure 15: Population composition charts for M. glabra.  For each population, the
observed haplotypes were highlighted in green on the overall species cladogram, with the
number of copies of each observed haplotype indicated in green.  Includes a) Clinch
Mountain; b) Lilly Bridge; c) Darrow Ridge; and d) Jamestown Flatrock.
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Figure 16:  Distribution of M. cumberlandensis G3pdh haplotypes in the XYZ clade.
Areas in red indicate the known range of the species, and areas in yellow indicate
observed occurrences of haplotypes X, Y, or Z.  The phylogenetic position of this clade is
highlighted on the network in the right corner of the map.
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Figure 17: Distribution of M. cumberlandensis G3pdh haplotypes in the QRS clade.
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Figure 18: Distribution of M. cumberlandensis G3pdh haplotypes in the UT clade.
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Figure 19: Distribution of M. cumberlandensis G3pdh haplotypes in the GN clade.
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Figure 20:  Distribution of M. cumberlandensis G3pdh haplotypes in the two major
subclades of the network.  The clade highlighted in purple occurs across the entire
sampled range of the species, while the clade highlighted in yellow occurs only in the
Pickett County populations and Laurel Fork.
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Vita
Charles Thomas Winder, a native of Michigan, later transplanted to the South, was
introduced at an early age to the botanical world when his mother put him to work in the
garden pulling weeds.  Ever since, he has had a fascination with the wonders of plants
and their habits, and of the interaction of plants and humanity.  With a strong concern for
environmental impacts of human populations on natural systems, Charles is a devout
believer in conservation of our natural heritage as a gift to our children and
grandchildren, and will continue to work to protect endangered plants so that we may
continue to learn from them.
